The hot deformation characteristics of alpha-zirconium in the temperature range of 650 ~ to 850 ~ and in the strain-rate range of 10 -3 to 102 S -1 are studied with the help of a power dissipation map developed on the basis of the Dynamic Materials Model. [7'8'91 The processing map describes the variation of the efficiency of power dissipation (77 --2m/m + 1) calculated on the basis of the strain-rate sensitivity parameter (m), which partitions power dissipation between thermal and microstructural means. The processing map reveals a domain of dynamic recrystallization in the range of 730 ~ to 850 ~ and l0 -2 to 1 s -1, with its peak efficiency of 40 pct at 800 ~ and 0.1 s -1, which may be considered as optimum hot-working parameters. The characteristics of dynamic recrystallization are similar to those of static recrystallization regarding the sigmoidal variation of grain size (or hardness) with temperature, although the dynamic recrystallization temperature is much higher. When deformed at 650 ~ and 10 -3 s -t, texture-induced dynamic recovery occurred, while at strain rates higher than 1 s -l, alpha-zirconium exhibits microstructural instabilities in the form of localized shear bands which are to be avoided in processing.
I. INTRODUCTION
THE hot deformation characteristics of alpha-zirconium have been studied earlier ~ and analyzed using the kinetic rate equation. The apparent activation energy estimated from this analysis was found to be close to that for self-diffusion in this material, and the mechanism of hot deformation was suggested to be that involving dynamic recovery t2] in view of the high stacking fault energy of zirconium, t3 '4] The data used for the above analysis were up to a strain rate of 3 x 10 -1 s -1, which is rather low when compared with that encountered in commercial metalworking operations. Further in the above kinetic analysis, an Arrhenius-type rate equation is used along with a power law relation between flow stress and strain rate. It is generally assumed that the stress exponent is independent of strain rate and temperature, and the experimental data obtained over a wide range showed that this assumption is not strictly valid, tS'6j The aim of this investigation is to use the recently developed Dynamic Materials Model tT,s,91 for analyzing the constitutive behavior of alpha-zirconium at high temperature in a wide range of strain rates. According to this approach, the power dissipation characteristics of the material through microstructural changes are evaluated with the help of strain-rate sensitivity and mapped as a function of temperature and strain rate. These processing maps are interpreted in terms of specific microstructural mechanisms that dominate in a given temperature-strain-rate regime. Using this approach, it is possible not only to optimize hot workability but also to delineate regimes of flow instability t9,1~ which should strictly be avoided in processing.
II. EXPERIMENTAL
The material used in the present study was commercially pure reactor-grade zirconium (containing approximately 1000 ppm of oxygen) obtained in the form of extruded and cold drawn rods of 15-ram diameter. Cylindrical compression specimens (10 mm in diameter and 15 mm height) were machined from the as-received rods. The machined samples were sealed in silica tubes under helium and beta-quenched from 1030 ~ after soaking for 30 minutes. Samples were deformed at constant true strain rates of 0.001, 0.01, 0.1, 1, 10, and 100 s -1 over a temperature range of 650 ~ to 850 ~ at 50 deg intervals to a true strain of about 70 pct. The compression testing was done on a computer-controlled servohydraulic test system (DARTEC, Stourbridge, West Midlands, United Kingdom) which has the facility for an exponential decay of actuator speed so that constant true strain rates may be obtained. The lubrication was done with molten glass and was made effective by engraving concentric grooves on both faces of the specimen. The adiabatic temperature rise during compression was measured by embedding a thermocouple into the specimen. The temperature rise was as high as 80 ~ during deformation at highest strain rate (100 s -1) and lowest test temperature (650 ~ True stress-true plastic strain curves were evaluated from the load-stroke data using standard equations. Some selected specimens were sectioned along the compression axis, and the microstructure was examined optically.
III. RESULTS
Typical true stress-true plastic strain of alpha-zirconium recorded at 800 ~ and different strain rates in compression are shown in Figure 1 . Except at strain rates of 10 s -1 and above, the curves are observed to be nearly steady state. The curves at 0.1 s -1 at all temperatures were found to be nearly horizontal. The flow stress values corrected for adiabatic temperature rise at various temperatures, strain rates, and strains are shown in Table I . The strain-rate sensitivity (m) is evaluated by is calculated and plotted as a three-dimensional (3-D) variation, with temperature and Strain rate at a constant strain. The 3-D power dissipation map for alpha-zirconium for a strain of 0.2 is shown in Figure 2 (a). The corresponding contour map representing isoefficiency contours on the strain-rate-temperature surface is shown in Figure 2 (b). The map for a strain of 0.5 is shown in Figure 3 , and maps at 0.1, 0.3, and 0.4 are identical to this. A comparison of Figures 2(b) and 3 clearly shows that the effect of strain is negligible. The continuum criterion for the occurrence of microstructural instabilities, developed by Kumar II~ on the basis of Ziegler's t"] principle of maximum rate of entropy production, is examined on the basis of the above data (Table I) . It has been shown that instabilities in microstructure will occur in processing if
The variation of the instability parameter ~(~) with temperature and strain rate is shown in Figure 4 for a strain of 0.2. The instability map is identical to this at other strains. Microstructural instability is predicted to occur within the area bounded by the contour G, where ~(~) is negative. By superimposing this instability map on the processing map ( Figure 2(b) ), the area of instability gets delineated. Microstructural instability will occur at The power dissipation characteristic of the workpiece temperatures higher than 670 ~ and at strain rates higher than 1 s-'.
IV. DISCUSSION

A. Interpretation of Power Dissipation Maps
The material through microstructural changes in processing is represented through the efficiency variations.
As the system is irreversible, the dissipated power is directly related to the rate of entropy production, which is always positive, m~ In systems which have a high rate of entropy production, the concepts of self-organization of chaotic systems proposed by Prigogine t~31 are applicable, and the power dissipation maps may be interpreted to represent the rate of entropy production. The maps can then be taken to represent domains of local order (concentric isoefficiency contours) corresponding to specific dissipative mechanisms (structures) separated by bifurcations which are probability related. The domains are deterministic, and dissipative structures characterize the domains.
The power dissipation maps are continuum maps, and the domains will have to be interpreted in terms of specific atomistic processes that cause the dissipation. This can be done with the help of "Raj maps. "t141 In hot deformation, there are "safe" and "damage" processes that occur at different temperature-strain-rate combinations. The safe mechanisms are dynamic recovery (low temperature and low strain rates) and dynamic recrystallization (high temperatures and intermediate strain rates). Microstructural damage due to wedge cracking will occur at lower strain rates and higher temperatures, while void formation at hard particles dominates at high strain rates and lower temperatures. The damage processes are very efficient in dissipating power through the generation of new surfaces, while the "safe" processes are less efficient, since power dissipation occurs by annihilation of dislocations or their groups. Out of the two safe processes, dynamic recrystallization has a higher efficiency than dynamic recovery and is preferred for hot working.
On the basis of Raj maps, t14~ the domain occurring at 800 ~ and 10 -~ s -I in the power dissipation maps (Figure 2(b) ) represents the domain of dynamic recrystallization of zirconium. For this domain, the range of temperature is from about 730 ~ to about 870 ~ The strain-rate range is from about 5 x 10 -2 to 2 s -~. The efficiency of power dissipation varies from 34 pct to a peak of about 42 pct. The microstructure of the specimen quenched from 800 ~ after deformation to a true strain of 0.7 at 0. I s -~ is shown in Figure 5 (a) and compared with the microstructure of the starting material ( Figure 5(b) ) which had transformed beta plates resulting from beta-quenching. The dynamic recrystallized microstructure showed features of new grains originating from the platelet interfaces which are corrugated. When the specimen is furnace cooled after deformation, the microstructure showed nearly equiaxed grain structure ( Figure 5(c) ). The variation of average grain diameter produced by dynamic recrystallization as a function of temperature within the dynamic recrystallization domain is shown in Figure 6 . The grain size increased sigmoidally with temperature, and the 50 pct grain size variation occurred at about 800 ~ which matches with the temperature for the peak efficiency at 0.1 s -~. Thus, this temperature may be designated as dynamic recrystallization temperature. The tensile ductility variation with temperature from the investigations of Garde is also shown in Figure 6 , t~51 and the temperature for peak ductility matches approximately with the dynamic recrystallization temperature. The small shift (25 deg) in the temperature of the peak ductility may be attributed to the slower strain rate employed by Garde. t~51 The variation of average grain diameter with strain rate within the domain at 800 ~ is shown in Figure 7 , which shows grain refinement with increasing strain rate.
In Figure 8 , the static recrystallization behavior of alphazirconium is shown in terms of the variation of hardness with temperature reported by Gray, as cited by Douglass. fl61 The static recrystallization temperature is about 600 ~ It is seen clearly from Figures 6(a) and 8 that the behavior of static and dynamic recrystallization is strikingly similar, although the dynamic recrystallization temperature is much higher (800 ~ in comparison with the static recrystallization temperature (=600 ~ All these results confirm that the domain at 800 ~ and 0.1 s -~ represents the process of dynamic recrystallization.
B. Model for Dynamic Recrystallization
A simple model of dynamic recrystallization is presented here to account for the above observations. Unlike in static recrystallization, where a fixed quantity of stored energy has to be released by dissipative processes involving nucleation and growth, the energy is continuously input into the material at a given rate and dissipated through softening processes in dynamic recrystallization. The energy input is through the generation of interfaces involving dislocations and their recovery, while the energy of dissipation occurs by migration of interfaces. Thus, the rate of generation of interfaces vs the rate of migration will decide the shape of the flow stress-plastic strain-rate curves and the characteristic of power dissipation. For example, if the rate of interface formation is equal to the rate of their migration, steady-state flow curves will result, and peak in the efficiency of power dissipation will occur in the map.
Approximate calculation of the order of magnitude of these rates may be made as follows: the rate of interface formation, Rr, depends on the rate of dislocation generation and probability of their recovery [5] where ~ = strain rate, b = Burgers Vector, 1 = link length of dislocations, a = constant, /~ = shear modulus, d = stacking fault width, k = Boltzmann's constant, and T = absolute temperature. Since zirconium has relatively high stacking fault energy, d = 3b, m41 and at ~ = 0.1 s -1 and l = 10 -6 m, RF ~--10 ~~ m -2 s -~ (taking a = 1/15 and /x = 2.1 x 10 m j/m3). This is the length of interface produced per unit volume per second. The rate of interface migration per unit area of the interface is given by RM = DF/(kTb) [6] where D = Do exp [-Qso/RT] and F = grain-boundary energy. At 800 ~ Do = 6 • 10 -6 m2/s, QSD -----218 kJ/ mol, and F = 780 mJ/m 2 calculated from solid surface free energy) ~7,j8~ The value of RM is calculated to be 13 
I
2.4 x 10 m-s-. For comparing RM with RF, R~ has to be converted into a value per unit area of the interface.
Assuming that the total interface length is arranged in Fig. 5 --Optical micrographs of (a) dynamically recrystallized alpha-zirconium at 800 ~ and 0.1 s -~ to a strain of 0.7, (b) starting microstructure showing beta-quenched alpha-zirconium, and (c) a completely recrystallized structure of deformed alpha-zirconium at 800 ~ and furnace cooled.
the form of a cube of side '~/Rr, the value of the rate of formation per unit area will be 6 • 10 ~3 m -' s-'. Thus, at 800 ~ the rate of formation of interfaces is of the same order as that of migration and, therefore, resuits in steady-state flow curve and peak efficiency of dissipation. At lower temperatures, the rate of migration is lower (at constant ~), and at high strain rates, the rate of formation is higher (at constant temperature). These conditions result in freer dynamic recrystallized grain size (Figures 6(a) and 7) . The map shows that a separate domain occurs at temperatures lower than about 700 ~ and at strain rates lower than 10 -2 s -t (lower left-hand comer of the map of Figure 2(b) ). The efficiency in this domain is slightly higher (42 pct) than that of dynamic recrystallization and increases with decrease in temperature and strain rate. The microstructure recorded on the specimen deformed at 650 ~ and 10 -3 s -l is shown in Figure 9 both as optical and transmission electron micrographs. The microstructure is typical of dynamically recovered material. In this temperature range, dynamic recovery process was also identified by Abson and Jonas. I21 However, the observed efficiency of power dissipation is much higher than the expected value (20 to 25 pct), and this may be attributed to the deformation texture-induced softening. The beta-treated zirconium and zirconium alloys were found to have "hard" texture, which may be described in terms of basal planes preferentially oriented parallel to the compression axis. The relative intensity of {0002} reflection recorded on the surface parallel to the compression axis of an undeformed specimen has been found to be 50 pct of the {10il} intensity, while that of {1010} was about 20 pct. On deformation at 650 ~ and 10 -3 s -1 , the corresponding value for {0002} reflection was 17 pct and that of {1010} was 40 pct. Thus, the hard texture has changed to a "soft" texture which has at least twice the intensity of {10[0} planes parallel to the compression axis. The efficiency of power dissipation has also become double the expected value. Similar texture-related flow softening was also reported in zirconium and its alloys. [19] 
C. Microstructural Instabilities
The continuum criterion developed by Kumar u~ on the basis of the principle of maximum rate of entropy production described by Ziegler ul] is used for delineating the microstructural instabilities in the processing map. Kumar u~ has used the principle of separability in arriving at the dissipation function that relates to the metallurgical processes (J co-content) using the strain-rate sensitivity, and the variation of this dissipation function (J content) with strain rate is considered for defining the condition for the occurrence of metallurgical instability at constant temperature: 6J/6g: < J/~ [7] Using Eq. [3] in Eq. [7] , we get the criterion for instability given Eq. [2] , The instability revealed manifests itself in the form of localized shear bands, the typical microstructure of which is shown in Figure 10(a) . This corresponds to the specimen deformed at 700 ~ and 10 s -1. It is likely that the adiabatic heating which is significant at high strain rates is responsible for this shear localization. The microstructural instability may be avoided by lowering the strain rate. The microstructures recorded on the zirconium specimen deformed at 700 ~ and at strain rates of 100, 10, and 1 s -1 confirm the strain-rate effect and validate the instability criterion (Eq. [2] ). The instability domain should be avoided in processing. 
V. CONCLUSIONS
